The process by which transmissible spongiform encephalopathy agents, or prions, infect cells is unknown. We employed a new differentiable cell line (SN56) susceptible to infection with three mouse-adapted scrapie strains to gain insight into the cellular infection process. The effect of disease-associated PrP (PrP-res) association with microsomal membranes on infection efficiency was examined by comparing sustained PrP-res production in cells treated with either scrapie brain microsomes or purified, detergent-extracted PrP-res. When normalized for quantity of input PrP-res, scrapie brain microsomes induced dramatically enhanced persistent PrP-res formation compared to purified PrP-res. Infected SN56 cells released low levels of PrP-res into the culture supernatant, which also efficiently initiated infection in recipient cells. Interestingly, microsomes labeled with a fluorescent marker were internalized by SN56 cells in small vesicles, which were subsequently found in neuritic processes. When bound to culture wells to reduce internalization during the infection process, scrapie microsomes induced less long-term PrP-res production than suspended microsomes. Long-term differentiation of infected SN56 cells was accompanied by a decrease in PrP-res formation. Our observations provide evidence that infection of cells is aided by the association of PrP-res with membranes and/or other microsomal constituents.
The transmissible spongiform encephalopathies (TSEs), or prion diseases, are a group of neurodegenerative diseases affecting a wide variety of mammals from sheep and goats (scrapie) to humans (Creutzfeldt-Jakob disease). Some naturally occurring TSEs have been adapted to infect rodents as small-animal models, such as mouse-adapted scrapie (hereafter referred to as scrapie). TSE diseases are usually associated with the accumulation of a misfolded form of a glycosylphosphatidyl inositol (GPI)-anchored protein termed the prion protein (PrP C or PrP-sen) primarily in nervous and lymphoid tissues (for a review, see reference 1). The nature of the TSE agent has long been a subject of debate, but it has been proposed to be comprised of an abnormal, disease-associated conformation of PrP designated PrP-res or PrP Sc . In spite of this debate, in the vast majority of systems PrP-res is a reliable marker for TSE infectivity (31) .
Little is known about the mechanism by which TSE agents infect and are transmitted between cells, a process essential for trafficking of TSE infectivity from the periphery to the central nervous system. The recent development of a rapidly growing list of cell lines susceptible to TSE infection has opened new opportunities to investigate this subject (3, 8, 11, 20, 43, (52) (53) (54) . Studies thus far have shown that cell-cell contact between infected and uninfected cells can be an efficient method of initiating infection (30) . Similarly, others have found that TSE infectivity can be bound to steel wires and plastic cell culture plates and that these surfaces can also initiate infection in cells and animals with high efficiency (19, 57, 58) . However, it is unclear in either of these systems whether infection is initiated without transfer of PrP-res molecules. Finally, both infected neuronal (this study) and nonneuronal (18) cells have been formally shown to release PrP-res into the culture supernatant which, when added to recipient cells, can initiate infection (18, 48 ; this study).
Previous studies from our laboratory using a cell-free conversion system that modeled the early interactions that occur during TSE infection of cells by using membrane-bound forms of PrP C and PrP-res showed that insertion of PrP-res into a membrane contiguous with PrP C was required for new PrP-res formation (5, 6) . These observations led us to propose two scenarios for initiation and propagation of PrP-res synthesis (6) . One mechanism involved the intercellular transfer of PrPres via membrane microparticles (e.g., exosomes) released from infected cells which insert into the membranes of recipient cells, or perhaps exchange of membrane components between closely apposed cells, processes shown to mediate the intercellular transfer of other proteins (7, 36) , including PrP C (35) . A second possibility involved the release of PrP-res aggregates free of membranes with subsequent insertion into host cell membranes, a process called "GPI painting" (26, 41) . Both brain membrane fractions containing membrane-associated forms of PrP-res (46) and purified PrP-res preparations that lack membranes (10) contain high titers of TSE infectivity. However, it is unclear which of these forms of PrP-res might be most important for initiating PrP-res and TSE agent formation in uninfected cells.
In this study, we introduce a new, highly susceptible neuronal cell model of mouse-adapted TSE infection and compare the relative infectivities of microsome-associated PrP-res and sample buffer [Invitrogen] with 10% dodecyl sulfate [final concentration] and 0.1 M dithiothreitol).
To assay for cell-associated PrP-res, cells were washed twice with phosphatebuffered balanced saline and then lysed in lysis buffer. Nuclei and cell debris were removed by centrifugation at 2,700 ϫ g for 5 min at 4°C. The postnuclear supernatant fractions were assayed for total protein using a bicinchoninic acid assay (Pierce). Samples normalized for total protein (usually 100 to 120 g/ digest) were digested with 20 g/ml PK for 1 h. PK digestion was terminated by the addition of 2 mM Pefabloc SC and incubation on ice for 5 min. PrP-res was recovered by PTA precipitation as described above or by ultracentrifugation as previously described (14) . The pellets were resuspended in 1ϫ sample buffer.
Samples were separated on 10% Bis-Tris NuPAGE gels in MES (morpholineethanesulfonic acid) running buffer (Invitrogen). Immunoblot detection of PrP was performed as described elsewhere (25) using a mouse-human recombinant anti-PrP monoclonal antibody Fab (D13; InPro Biotechnology) at a 1:10,000 dilution, followed by an alkaline phosphatase-conjugated goat anti-human immunoglobulin G Fab secondary antibody (Sigma) at a 1:10,000 dilution.
Cell blot analysis. Cell blot analysis was performed essentially as described elsewhere (11, 16) with the primary and secondary antibodies described above. SN56 cells can grow as clumps of cells when undifferentiated, but these clumps disperse when the cells are differentiated. To facilitate cell blot analysis by inducing dispersion of the cells, cultures were differentiated for 1 day prior to cell blotting.
Cell viability assay. SN56 cells were treated with various PrP-res preparations or buffer controls exactly as described for cell infections. After 48 h of treatment, the cultures were assayed for cell viability using a commercial assay for ATP (Vialight, Cambrex) according to the manufacturer's instructions. ATP concentrations in the cultures were determined from an ATP standard curve.
Fluorescence microscopy. Fluorophore-tagged microsomes were prepared by incubating microsomes (13 mg/ml total protein; 100 l) with 1 mg/ml of a primary amine-reactive fluorescent dye (Alexa Fluor 568; succinimidyl ester) diluted from a 10-mg/ml stock in dimethyl sulfoxide. The labeling reaction was incubated at room temperature in the dark for 1 h with periodic mixing and then stored overnight at 4°C in the dark. The reaction mixtures were then centrifuged for 30 min at 21,000 ϫ g. The pellet was resuspended in sterile PBS with 10 mM glycine and incubated at room temperature in the dark for 10 min to wash the microsomes and quench any unreacted labeling reagent. The microsomes were recovered by centrifugation as described above and washed again with sterile PBS-glycine solution. After a final centrifugation, the microsomes were resuspended in sterile PBS. For scrapie brain microsomes, the PrP-res content was quantified as described above. Fluorophore-tagged purified PrP-res was prepared as described for microsomes with the exception that the protein concentration in the labeling reaction was 0.5 mg/ml. SN56 cells plated at 5% confluence and differentiated for 1 day were treated with fluorescent microsomes essentially as described above. The cultures were differentiated to induce dispersion of the cells and increase neurite formation to facilitate microscopic analysis. Cultures subjected to these treatments have been shown to be susceptible to infection (37) . Fluorescent scrapie microsomes containing 16 ng of PrP-res or an equivalent amount (based on total protein) of fluorescent normal microsomes were added to the cells. After incubation for 1 h, live cells were analyzed by confocal microscopy. After 4 h, the medium was replaced with serum-containing OptiMEM and the cells were analyzed every day thereafter for as long as 14 days. Imaging was preformed using a Perkin-Elmer UltraView Spinning-Disk confocal system connected to a Nikon Eclipse TE2000-S microscope with an oil immersion objective (60ϫ; 1.4 numerical aperture) or a Bio-Rad MRC 1024 laser scanning confocal system coupled to a Zeiss microscope with a water immersion objective (40ϫ; 1.2 numerical aperture). Image processing and analysis were performed with Lasersharp (Bio-Rad), Confocal Assistant, Adobe Photoshop, and Image J software.
RESULTS
SN56 cells are susceptible to infection with three mouse scrapie strains. SN56 cells are a mouse cholinergic septal neuronal cell line (9, 23) . To evaluate SN56 cells as a new model for TSE infection, the cells were exposed to scrapie agent inocula in the form of crude brain microsome fractions or purified PrP-res prepared from mice infected with various strains of mouse-adapted scrapie agent. The microsome fraction contains membrane vesicles that may be derived from all VOL. 80, 2006 INFECTION WITH MICROSOME-ASSOCIATED PrP-res 2107 types of cellular membranes, including plasma, synaptosomal, and endoplasmic reticulum membranes. For convenience, we refer to this fraction as "microsomal." The cells were then passed at least five times, each at a 1:10 dilution, to allow dilution of the input PrP-res below the detection limit by immunoblotting and to verify measurement of persistent (i.e., maintained over multiple passes) as opposed to transient PrPres formation. As shown in Fig. 1 , persistent propagation of PrP-res was observed in cells treated with preparations containing the Chandler (Fig. 1A, lanes 1 to 4) (18, 48) . To determine whether PrP-res was released from infected SN56 cells, we analyzed conditioned media from both Chandler-infected and uninfected cells with and without PK treatment, followed by concentration via PTA precipitation. The samples were also treated with detergent to solubilize any membranes that might be present. PrP was detected in the culture supernatants from both infected and uninfected cells prior to protease treatment, although additional lower-molecular-mass bands were present in the samples from infected cells (Fig. 2A, lanes 1 and 2) . Although PTA was first reported to specifically precipitate PrP-res (47), we and others (55) have observed that PrP C can also be precipitated by PTA under certain conditions. However, protease-resistant PrP was only detected in culture media from infected cells ( Fig. 2A,  lanes 3 and 4) . The PK-resistant PrP bands corresponded well in both apparent molecular mass and abundance to the lowermolecular-mass species present in the PK Ϫ sample (Fig. 2A,  compare lanes 1 and 3) , providing evidence that the PrP-res was secreted in an N-terminally truncated form. Quantitative analyses using purified PrP-res standards showed that the secreted PrP-res comprised approximately 2 to 4% of the cellassociated PrP-res (data not shown) and about 27% of the total culture supernatant PrP recoverable by PTA precipitation.
Culture supernatants from infected cells initiate TSE infection in recipient cells. Having established that the culture supernatants of infected SN56 cells contain PrP-res, we next tested whether these supernatants could be used to initiate a new infection in uninfected SN56 cells. Recipient cells were incubated for 2 days with media previously conditioned for 2 days in cultures of either uninfected or Chandler-infected SN56 cells. The cells were passaged normally thereafter and periodically assayed for PrP-res by immunoblotting. In some experiments, weak PrP-res signals were detected at relatively early passes (Ͻ10), but it usually required assay of more cell equivalents (Fig. 2B, lanes 1 and 2) . After several weeks of culturing (Ն20 passes), high levels of PrP-res were detected only in recipient cells treated with culture supernatants from infected cells (Fig. 2C) . Parallel wells without recipient cells that received only culture supernatants were consistently free of cells and debris, indicating that the supernatants were successfully cleared by our centrifugation treatment (data not shown). Based on the concentration of PrP-res in the culture media (data not shown), we estimate that these infections were initiated with extremely low levels of PrP-res (10 to 15 pg). As observed in other infection experiments described in this study, an increase in the PrP-res signal occurred with continued passage until a maximum level (usually 2 to 4 ng of PrP-res/ϳ100 g of cell lysate protein for Chandler-infected cells) was achieved. These data demonstrate that infected SN56 cells release PrP-res that can be used to infect recipient cells and raise the possibility that released PrP-res may mediate the intercellular spread of TSE infection in SN56 cultures.
Enhanced induction of persistent PrP-res formation in SN56 cells by scrapie brain microsomes versus purified PrPres. To assess the effects of different inoculum preparations on TSE infection, we compared the efficiency of induction of persistent PrP-res formation by scrapie brain microsomes (as a source of membrane-associated PrP-res) with that of PrP-res purified from infected animals by multiple detergent extractions (as a source of membrane-free PrP-res). PrP-res concentrations in the samples were determined by immunoblot analysis using a previously characterized PrP-res preparation to create a standard curve for comparison (Fig. 3A) . SN56 cells were treated with amounts of Chandler PrP-res equal to those contained in the two preparations and, after several passages, were monitored for PrP-res. Levels of PrP-res production were compared as an estimate of the infection level. Surprisingly, scrapie microsomes exhibited a substantially enhanced efficiency at initiating PrP-res formation per ng of PrP-res in the inoculum ( Fig. 3B and C, compare lanes 1 to 4 with lanes 7 to 10). There were no detectable signals in cells infected with purified PrP-res at either passage 6 or 8, even when images were viewed with saturating intensity settings to detect any possible bands (data not shown). To obtain an estimate of the differential infection efficiencies of the two forms of PrP-res, we first compared the band intensities for equivalent amounts of input PrP-res at the earliest passage assayed that showed detectable amounts of PrP-res (Fig. 3D , compare lanes 1 and 7, 2 and 8, and 3 and 9). By this method of analysis, microsomes were 18-to 35-fold more efficient than purified PrP-res at inducing sustained new PrP-res formation (Fig. 3E , compare gray bars with open bars within each amount of input PrP-res). In addition, comparison on the basis of titration to determine the minimal amount of input PrP-res required to produce detectable PrP-res at an early pass (e.g., pass 6) suggested that microsomes are Ն20-fold more efficient (Fig. 3B , compare lane . Regardless of the method of analysis, our data show that scrapie microsomes have enhanced efficiency at initiating persistent PrP-res production compared with purified PrP-res. Addition of normal microsomes to purified PrP-res does not alter levels of long-term PrP-res formation. These results raised the question of whether the enhanced activity of scrapie microsomes was simply due to the presence of microsomes during infection. To address this question, we conducted infections in which purified PrP-res preparations were supplemented with brain microsomes prepared from normal mice in amounts normalized for total protein to those contained in the corresponding scrapie microsome samples. The samples were vortexed, but no treatment was intentionally applied to facilitate the incorporation of the PrP-res into the microsomal membranes. As seen in Fig. 3 , addition of normal microsomes to infections with purified PrP-res samples did not dramatically alter the infection efficiency (Fig. 3B to D, compare lanes 7 to 10 with lanes 11 to 14). We did note that addition of normal microsomes to the infection with 20 ng of purified PrP-res gave a small increase in infection efficiency, allowing a weak but detectable PrP-res signal as early as passage 6 (Fig. 3B, lane  11) . However, this may have been attributable to microsomedependent alleviation of a low level of cytotoxicity induced by detergent (sulfobetaine) in the PrP-res storage buffer that was observed only in infections with 20 ng of purified PrP-res. Again, based on comparison of the band intensities for equivalent amounts of input PrP-res (Fig. 3D , compare lanes 1 and 11, 2 and 12, and 3 and 13), microsomes were ϳ13-to 36-fold more efficient than purified PrP-res (Fig. 3E ) and Ն20-fold more efficient when analyzed on the basis of titration (Fig. 3B) . No obvious effect on cell viability was observed using Յ4 ng of PrP-res or in wells treated with microsomes alone (data not shown). Thus, these data provide evidence that it is primarily the context of PrP-res as associated with scrapie microsomes rather than the presence of microsomes themselves that enhances the ability of microsomal PrP-res to induce long-term PrP-res production.
Enhanced induction of persistent PrP-res formation in N2a cells by scrapie brain microsomes versus purified PrP-res. To The PrP-res level for each scrapie microsome infection was set at 100%. The results are expressed as percent PrP-res signal for each purified PrP-res sample (lanes 7 to 9 and 11 to 13) relative to an infection initiated with the same amount of PrP-res as contained in scrapie brain microsomes. The error bars indicate the range (n ϭ 2). (F) N2a cells were treated with the indicated amounts of Chandler PrP-res as contained in scrapie microsomes (lanes 9 and 10) or purified from brains of infected animals (lanes 1 to 6). Mock-infected control cells were treated with a buffer control (lanes 7 and 8) or normal microsomes (lanes 11 and 12) . At the indicated passages, the cells were assayed by immunoblotting for PrPres. Loading of comparable amounts of protein was verified by comparing total PrP levels in aliquots of the cell lysates not treated with PK (data not shown). The lanes correspond to protein in 99/100 cell equivalents from one well of a six-well plate.
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determine whether the elevated ability of microsomes to induce sustained PrP-res formation was applicable to other cells susceptible to TSEs, we conducted similar studies in a highly susceptible N2a cell line generated by pentosan polysulfatemediated curing of a Chandler-infected clone that produces high levels of PrP-res (32) . As observed in SN56 cells, infections initiated with scrapie microsomes were far more efficient at inducing PrP-res formation than those with purified PrP-res when normalized for input PrP-res (Fig. 3F, lanes 3 versus 9  and 4 versus 10) . Addition of normal microsomes to infections with purified PrP-res also did not affect the levels of long-term PrP-res production induced in this cell model (data not shown). For 20 ng of PrP-res in the inoculum, microsomes were ϳ16-fold more efficient as measured at passage 5 (data not shown), but this difference decreased somewhat with further passage (12-fold at passage 10 and 10-fold at passage 11), suggesting that a small relative increase in the PrP-res signal of the purified PrP-res-infected cells may have occurred. Also, as seen above, infection with increased amounts of purified PrPres induced higher levels of persistent PrP-res formation (Fig.  3F , lanes 1 to 6) even in spite of some cytotoxicity occurring at the highest amount of PrP-res tested (data not shown). In any case, these studies show that the enhanced induction of persistent PrP-res formation by microsome-associated PrP-res is common to at least two cell culture models of TSE infection. Removal of detergent from purified PrP-res does not improve infection efficiency. The initial experiments described above were performed without removing the sulfobetaine from the purified PrP-res due to the potentially beneficial role of detergents in GPI painting (2, 41, 56) . To address the potential inhibitory effects of this detergent, infection experiments were performed using purified PrP-res that had been prewashed with PBS to remove the detergent. Removal of the detergent did not increase the levels of sustained PrP-res formation induced by purified PrP-res in the presence or absence of normal microsomes and suggested at least a 20-fold difference compared to scrapie microsomes on the basis of titration (Fig. 4) . Effective removal of the bulk of the detergent by the washing procedure was suggested by the absence of cytotoxicity in the PBS-washed PrP-res preparation (Fig. 5) . Therefore, our data demonstrate that the low efficiency of purified PrP-res in initiating persistent PrP-res formation is not related to the presence of sulfobetaine but rather is a property of the purified PrP-res itself.
Purified PrP-res and scrapie microsomes do not affect SN56 cell viability during infection. Although the mechanism of neurodegeneration in TSE diseases is not understood, there is some evidence that purified PrP-res may be directly cytotoxic to cells, albeit using higher concentrations of PrP-res than employed in the current study (24) . To determine whether the different efficiency of induction of PrP-res formation by scrapie microsomes versus purified PrP-res was due to differential cytotoxicity, cell viability was assayed in cultures treated with the PrP-res preparations as described for the infection experiments above. The results were completely consistent with those based on visual inspection of the cultures, showing no evidence of a significant effect on cell viability for any treatment condition, with the exception of cells treated with 20 ng of purified PrP-res containing low levels of detergent (Fig. 5) . However, a similar reduction in cell viability was observed for cells treated with an equal concentration of the detergent alone [ Fig. 5 , Mock (Det)], suggesting that the cytotoxic effect was directly mediated by the detergent. Thus, these observations show that the enhanced induction of sustained PrP-res formation by scrapie microsomes versus purified PrP-res could not be attributed to differences in cytotoxicity of the two preparations.
SN56 cells bind aggregates of purified PrP-res. Since the purified PrP-res may be more highly aggregated than that FIG. 4 . Removal of detergent from purified PrP-res does not improve infection efficiency. SN56 cell infections were conducted and analyzed as described in the legend to Fig. 3 with the exception that the purified PrP-res was prewashed with PBS to remove the detergent. SN56 cells were treated with the indicated amounts of Chandler PrPres as contained in scrapie (Sc ϩ ) microsomes (lanes 1 to 4) or purified from brains of infected animals (lanes 7 to 10). Some infections with purified PrP-res were supplemented with microsomes from normal (Sc Ϫ ) animals (lanes 11 to 14) in quantities normalized for total protein to the corresponding scrapie microsome samples. associated with microsomes, we considered the possibility that the reduced induction of sustained PrP-res formation by purified PrP-res was attributable to inefficient binding/uptake by SN56 cells. To investigate this issue, we labeled purified PrPres with a primary amine-reactive Alexa Fluor dye and used this labeled PrP-res to infect SN56 cells as described above. Analysis of the cultures after 2 days by fluorescence microscopy showed that ϳ80% of the cells in the culture were positive for at least one fluorescent aggregate, but most cells contained several aggregates (Fig. 6A to C) . Even at 4 days postinfection, the majority of the cells in the culture (ϳ70%) still contained at least one fluorescent aggregate (data not shown). After further passage of the cells, we verified that cultures treated with Alexa Fluor-labeled PrP-res were infected (data not shown). These data suggest that at least for infections with the greatest amounts of purified PrP-res we tested (20 ng), most of the cells were intimately exposed to the input PrP-res and thus had the potential to become infected directly. Infection with immobilized microsomes induces sustained PrP-res formation less efficiently than microsomes in suspension. Data from our previous cell-free conversion studies (38) , in addition to infection studies (19, 57, 58) , have shown that PrP-res/TSE infectivity immobilized onto solid surfaces with the assistance of drying can efficiently induce conversion of PrP C and initiate infections in cell culture and animals. We were interested in comparing the infection efficiencies of similarly immobilized forms of PrP-res with PrP-res added in suspension. For this purpose, various amounts of scrapie microsomes were dried in a 96-well cell culture plate over several hours. SN56 cells were then plated in these wells, cultured for 5 days, and then passaged every 4 days thereafter. Parallel infections were conducted using scrapie microsomes or purified PrP-res in suspension as described above. As shown in Fig. 7 , suspended scrapie microsomes were more efficient than dried microsomes at initiating long-term PrP-res formation. This distinction was most evident at an early passage in the experiment, which suggested that microsomes in suspension were 6-to 15-fold more efficient based on semiquantitative estimates of the PrP-res bands (Fig. 7A, compare lanes 1 to 3  with lanes 8 to 12) . The differences tended to decrease with extended passage of the infected cells, indicating that relative PrP-res production was increasing in the cells infected with dried microsomes, perhaps due to the spread of infection to uninfected cells (Fig. 7B to D) . A similar effect was observed in cells infected with purified PrP-res (Fig. 7A to C, compare  lanes 1 and 2 with lanes 5 and 6, and D) . However, even after 17 passages, cells infected with 1 ng of dried microsome-associated PrP-res exhibited ϳ26-fold lower levels of PrP-res versus the positive control microsomes in suspension (Fig. 7D) . Nevertheless, the dried microsomes induced sustained PrP-res formation more efficiently than purified PrP-res for all quantities of PrP-res used in the inocula (Fig. 7A to C, compare lanes 5 to 7 with 8 to 10, and D). Altogether, of the three methods of infection tested, we found that treating cells with scrapie microsomes in suspension induces the most efficient PrP-res production, suggesting that immobilizing microsomeassociated PrP-res to surfaces reduces infection efficiency in this model.
Efficient internalization and trafficking of fluorescent scrapie microsomes in SN56 cells. Having observed the increased infection efficiency of scrapie microsomes, we became interested in the fate of the microsomes after addition to the cells. To monitor the uptake of microsomes, we labeled scrapie microsomes with a primary amine-reactive Alexa Fluor dye to covalently label microsomal molecules. Analysis of both normal and scrapie brain fluorescent microsomes by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by fluorescent imaging on a phosphorimaging system, verified covalent labeling of many microsomal proteins (data not shown). In labeled scrapie microsome samples enriched for PrP-res by PK digestion and PTA precipitation, weak bands of apparent molecular mass similar to that of PrP-res were detected, suggesting at least some of the PrP-res molecules were labeled, although they represented a small minority of the total labeled proteins in the sample (data not shown). We then added the labeled microsomes to SN56 cells and analyzed their subsequent distribution over several days by confocal microscopy. Within 1 h after addition to the cells, fluorescent microsome material associated with the surface of the cells in large highly fluorescent particles that likely corresponded to aggregates of microsomal vesicles (Fig. 8A) . A small amount of fluorescent material was internalized in small vesicles (Fig. 8A ), which were verified as internal by analysis of serial optical sections (data not shown). With further incubation for 1 to 3 days, the relative distribution and appearance of the fluorescent material changed. We observed a progressive increase in the amount of internalized fluorescence in small vesicles with a concomitant decrease in the proportion of large, cell surface microsomal aggregates, suggesting that the size of the microsomal aggregates had been reduced in some way prior to and/or during internalization ( Fig. 8C and E) . By 3 days, most of the fluorescent material was found internalized in vesicles, many of which were located in neuritic processes. An example of this pattern of distribution is shown in Fig. 8E for cells 4 days after treatment with microsomes. Similar results were obtained using Alexa Fluor-labeled normal microsomes, indicating that the distribution observed was not scrapie dependent (data not shown). Beyond 3 days of incubation, no further change in the distribution of fluorescent material was observed, although there was a slow decrease in the intensity of the fluorescence in cultures maintained longer than 7 days (data not shown). Thus, microsomes are efficiently internalized and processed by SN56 cells, a property that may contribute to the higher infection efficiency of microsome-associated PrP-res. Decreased PrP-res formation in infected SN56 cells during differentiation. Since we were interested in using differentiated SN56 cells for studies of PrP-res formation and trafficking, we tested the effects of differentiation on PrP-res and total PrP formation in infected and uninfected SN56 cells. Surprisingly, in three separate experiments (each assayed in triplicate with a standard deviation of Ͻ10%), PrP-res formation decreased by approximately 1.6-to 2.6-fold for Chandler-infected cells dif- (Fig. 9, lanes 1 versus 2 and 3 versus 4) . This effect was not due to a change in the level of PrP C expression, as infected and uninfected cultures produced similar amounts of total PrP irrespective of the differentiation state (Fig. 9, compare lanes 5  and 6 and lanes 7 and 8) . Also, we saw no overt effect of differentiation on the viability of either scrapie-infected or uninfected cells (data not shown). Differentiation was observed to induce a slightly increased heterogeneity within the population of fully glycosylated PrP molecules (Fig. 9, lanes 5 to 8) , suggesting there was a change in the glycosylation and/or trafficking of PrP C . Differentiation-associated changes to PrP C glycoform heterogeneity have been observed in another neuroblastoma cell line (42) . These findings suggest that SN56 cells may be a useful model to investigate scrapie infectionassociated alterations in neuronal cells at multiple stages of development. TSE agent (37) . However, the present study constitutes the first detailed characterization of scrapie infection of the SN56 neuronal cell line. SN56 cells are a cholinergic mouse septal neuronal cell line (9, 23) . The cells are well characterized and possess a number of neuronal features, including synaptic vesicle proteins (4), neuronal-type calcium channels (33) , and production of vast neuritic networks (9) , which are induced upon differentiation of the cells. In contrast to the commonly used N2a cell line (11) , no subcloning was required to isolate susceptible cells. The discovery that SN56 cells are susceptible to scrapie infection allowed their use as a model system more closely related to neurons to examine the process of infection and intercellular spread of TSE agents. Although our data to this point do not allow us to exclude the possibility that the reduction of PrP-res signal on differentiation is due to specific death of PrP-res-producing cells (which would be highly interesting as a model of PrP-res-induced neurotoxicity), it seems difficult to believe, given the high percentage of infected cells in the cultures and the lack of a substantial and concomitant scrapie infection-specific loss of cells on differentiation. Our studies have also shown that microsome-associated PrP-res induces much greater levels of persistent PrP-res formation than purified PrP-res.
DISCUSSION
Our previous cell-free conversion experiments (5, 6) led us to consider that PrP-res aggregates or membrane microparticles (e.g., exosomes) released from infected cells might mediate transfer of TSE infectivity to neighboring uninfected cells. This also led us to consider models of TSE infection that involved the transfer of PrP-res in either membrane-associated forms or as free aggregates via a process described as "painting" (41) . Consistent with this notion is the observation that culture supernatants from infected neuroblastoma cells can initiate infection in new cells, but these studies did not determine whether PrP-res was present in the culture supernatants (48) . Our data here show that very small amounts of PrP-res released from infected SN56 cells ( Fig. 2A) are sufficient to initiate sustained PrP-res formation in recipient cells (Fig. 2B) , suggesting the secreted PrP-res may have a very high infectivity per amount of PrP-res.
This raised the question of the biophysical nature of the secreted PrP-res and whether it might be associated with released membrane particles. One recently described form of released membrane particle is called an exosome (for reviews, see references 15, 17, 50, and 51). Exosomes are small membrane vesicles released from cells by the fusion of multivesicular bodies (MVBs) with the plasma membrane. MVBs are late endosome-like compartments in which vesicles destined to become exosomes form by invagination of the MVB-limiting membrane. During the preparation of this paper, Fevrier et al. (18) reported that exosomes containing PrP C and PrP-res are released from epithelial and glial cell lines. Culture supernatants, as well as exosome preparations, from the culture media were infectious for cultured cells and animals (18) . Culture supernatants/exosomes might then serve as a tractable source of material for the characterization of TSE agents in a naturally generated, biologically significant form without the use of detergents. It is possible that the PrP-res released from infected SN56 cells is also associated with exosomes. These findings are interesting given a proposed role for MVBs in PrP-res biosynthesis several years ago (39) .
Why might microsome-associated PrP-res be more infectious than membrane-extracted PrP-res? One possible explanation is related to the different aggregation states of PrP-res in the two preparations. When associated with membranes, either naturally as produced in the brain (40) or after reconstitution of purified material into synthetic liposomes (21, 22) , PrP-res molecules form diffuse aggregates that can be detected by immunoelectron microscopy (27) (28) (29) . However, detergent extraction of these membranes in combination with limited proteolysis results in the formation of larger rod-like polymers of PrP-res (21, 22, 40) . Although we did not use proteases in the purification of the PrP-res used in this study, electron micrographs of our preparations do show both fibrillar and amorphous aggregates (data not shown). In the context of nucleated polymerization models of PrP conversion (for a review, see reference 12), PrP-res preparations containing smaller aggregates would have a higher concentration of seeds per unit of PrP-res to initiate conversion than those comprised of larger aggregates, and thus, the former might be expected to have a higher specific infectivity. Biochemical and infectivity data supporting this proposition have recently been obtained (49) . Also consistent with this notion is the observation that infectivity titers of purified PrP-res are 10-to 100-fold higher when the PrP-res is reconstituted into liposomes (21, 22) . Unfortunately, we were unable to generate similarly reconstituted PrP-res using protein purified/enriched by a variety of methods for use in our studies. Nevertheless, our data now provide a biochemical explanation for the observations of Gabizon and coworkers.
Another possibility is that there is a more efficient binding and/or internalization of microsomes than with purified PrP- res. The microsome-associated PrP-res might associate with cells more efficiently via interactions of microsomal molecules with cell-surface ligands. Such a comparison would be difficult to perform in this system, though we did verify by using fluorophore-tagged PrP-res that SN56 cells were capable of binding significant quantities of purified PrP-res (Fig. 6A to C) and we have visualized the uptake and trafficking of fluorescent PrPres coincident with infection (37) . Likewise, SN56 cells also bound, internalized, and somehow processed microsomal material in small vesicles and redistributed it to neuritic processes. This process may result in the delivery of microsomes to a compartment in which PrP conversion occurs (13, 53) .
Considering our models of the infection process, it is also possible that membrane-associated PrP-res is more efficiently inserted into host cell membranes, perhaps via membrane fusion, than is membrane-free PrP-res, which would be restricted to a "GPI-painting" mechanism that is known to be poorly efficient in vitro (41) . This would position the PrP-res in the same membrane as the host cell membrane-associated PrP C , a prerequisite for efficient conversion of membrane-bound PrP C (5, 6 ). This does not exclude the possibility that infection can also occur as a result of intimate contact of recipient cells with infected cells or surfaces coated with TSE infectivity without transfer of PrP-res (30, 57) . However, aggregation of PrP Ccontaining membranes with separate membranes containing PrP-res in the absence of membrane fusion did not allow efficient formation of new PrP-res (6). We also cannot rule out the possibility that some important component of the TSE agent is lost during purification of the PrP-res. In this event, the infection assay described here might help to identify nonPrP molecules that contribute to TSE infectivity.
Intrigued by the observation that brain homogenate-derived TSE infectivity bound to culture wells could efficiently initiate infection in N2a cells (57), we also compared the infection efficiency of scrapie microsomes bound to culture wells with those added in suspension. As shown in Fig. 7 , scrapie microsomes in suspension were significantly more efficient at initiating sustained PrP-res propagation than the dried microsomes, again perhaps due to more efficient internalization or delivery to host cell membranes as outlined above. It should be noted that we did not verify the quantity of PrP-res that remained bound to the culture wells after the microsomes were dried and washed, and thus, it is possible that these cells were exposed to less PrP-res than those treated with scrapie microsomes in suspension. However, data from our previous cellfree conversion studies have shown that PrP-res/TSE infectivity immobilized onto solid surfaces can efficiently induce conversion of PrP C (38) . Alternatively, perhaps this is evidence of a polar effect on infection, as has been observed in epithelial cell models of infection (44) . In contrast to Weissmann et al. (57) , we observed a positive correlation between infection efficiency and the quantity of input brain material (Fig. 7C, lanes  8 to 12) , suggesting that in our preparations the presence of other brain proteins was not inhibitory, at least for the quantities of total protein we added to the wells (from 0.2 to 25 g). It is possible that the inhibitory factors present in brain homogenates are removed during the preparation of the microsomes. We have noted that large quantities of microsomes can be added to cells without significant effects on cell viability (data not shown). In any case, our observations demonstrate the use of microsome preparations as a highly efficient means of initiating infection in cultured cell lines.
